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DEVICE AND CONTROL STRUCTURE OF MULTI-LEVEL PULSE WIDTH 

MODULATION 



5 CROSS-REFERENCE TO RELATED APPLICATION 

This application claims the priority benefit of Taiwan application serial no. 
89121079, filed October 9, 2000. 

BACKGROUND OF THE INVENTION 

10 Field of Invention 

The present invention relates to a digital-to-analog converter (DAC). More 

particularly, the present invention relates to a digital-to-analog converter of multi-level 

pulse width modulation. 

Description of Related Art 
15 Pulse width modulation (PWM) is a representation by converting pulse code 

modulation (PCM) using different duty cycles. By transforming the PCM into the 

PWM, the PWM can directly drive speakers for generating analog signals for output, 

which becomes a PWM DAC. The resolution, sampling rat, and input clock fi-equency 

of the PWM DAC have the following relationships: 
20 a. resolution x sampling rate = input clock frequency, for one-end PWM DAC 

b. resolution x sampling rate = 2 x input clock frequency, for one-end PWM 

DAC 

Accordingly, as the input clock frequency is fixed, the resolution is inversely 
proportion to the sampling rate. Namely, it has to lower the sampling rate if a high 
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resolution of the PWM DAC is required. In contrast, it has to reduce the resolution of 
the PWM DAC if a high sampling rate is required. 

Fig. 1 shows a conventional PWM DAC block diagram. As soon as the PCM 
DAC receives a PCM signal, signals P+ 12 and P- 14 are outputted to output buffers 16, 
5 18 and then the output buffers 16, 18 output driving signals to an output device 20 such 
that the output signals of the output device 20 are PWM signals. 

Referring to Fig. 2, the conventional PWM DAC comprises a first output driver 
22 and a second output driver 24. The input of the first output driver 22 receives an 
input signal P+, and the output of the first output driver 22 is connected to an input of a 

10 speaker 26. The input of the second output driver 24 receives an input signal P-, and 
the output of the second output driver 24 is connected to another input of a speaker 26. 
The speaker 26 can output a sound signal to external in response to the two input signals 
P+ and P-. For example, the PWM DAC can receive n-bit PCM signal, and output an 
m-level analog signals. In addition, the input signals P+ and P- are used for converting 

15 (n-m) most significant bits (MSBs) of the n-bit PWM signal into a PWM waveform, 
wherein n and m are integers, and n > m. 

Referring to Fig. 1, the output PWM waveforms of the first and the second 
output drivers 22, 24 contains only two logic levels of "0" and "1". Because the 
smallest unit is 1 for the digital output of the PWM, only integers like X, X+1, and X+2 

20 (X is an integer), etc can be represented according to the conventional method. 
However, if the PCM values need to be represented by fractional values like X, X+1/4, 
X+2/4, and X+3/4, etc, the conventional PWM DAC fails to achieve this purpose. 
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SUMMARY OF THE INVENTION 
As embodied and broadly described herein, tne invention provides a multi-level 
pulse width modulation (MPWM) digital-to-analog converter (DAC) for receiving a 
pulse code modulation (PCM) signal and then oJtputting a pulse width modulation 
5 (PWM) signal. The MPWM DAC comprises a Jonverter circuit, a control device, a 
first output driver device, a second output driver del/ice and an output device. 

The converter circuit is used for receiving n-bits of the PCM signal to converter 
the (n-m) bits of the PCM signal into the PWM ^gnal, wherein m is the number of the 
least significant bit (LSB) signal of the PCM signal and n>m. And then the converter 
10 circuit generates a first input signal, a second input signal and an enabling signal. The 
control device receives the enabling signal toj generate a control signal. The first 
output driver device has 2""^ output drivers (ml<n) for receiving the first input signal 
and the control signal, and then outputting a first driving signal, while the second output 
driver device has 2""^ output drivers (m2<n) for receiving the second input signal and the 
15 control signal, and then outputting a second driving signal. The output device can 
receive the first and the second driving sign^s and then output the PWM signal. 

In response to the least significant bit (LSB) signal of the PCM signal, the 
control device selects and disables in a specified interval of each sampling cycle such 
that the output drivers the first and thd second output driver devices are in a high 
20 impedance status, by which the control /device is capable of controlling outputs of the 
first and the second output driver devices. 

Accordingly the output currentfof each output driver is a fi*action of the output 
current of the output driver of th^ conventional PWM DAC, and therefore, the 
minimum output unit of the MPWM fc) AC of the present invention is fractional, such as 
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1/4. The PCM values, such as Xh-(1/4), X+(2/4) and X+(3/4), etc., can be easily 
represented. Advantageously, using the MPWM DAC of the present invention not 
only increases the resolution, but also remain 1/he sampling rate. 

It is to be understood that both me foregoing general description and the 
following detailed description are exemplary, and are intended to provide further 



explanation of the invention as claimed 



BRIEF DESCRIPTION OF THE DRAWINGS 
The accompanying drawings are included to provide a further understanding of 
10 the invention, and are incorporated in and constitute a part of this specification. The 
drawings illustrate embodiments of the invention and, together with the description, 
serve to explain the principles of the invention. In the drawings, 
Fig. 1 shows a conventional PWM DAC block diagram; 
Fig. 2 shows a conventional PWM DAC circuit; 
15 Fig. 3 schematically shows a multi-level pulse width modulation (MPWM) DAC 

circuit according to one preferred embodiment of this invention; 

Fig. 4 shows output waveforms of the MPWM DAC according to the present 
invention; 

Figs. 5 shows exemplary control circuits for the MPWM DAC according to the 
20 present invention; 

Fig. 6 shows output waveforms according to the conventional PWM DAC; and 
Fig. 7 shows output waveforms according to the MPWM DAC of the present 
invention. 
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As the description of the related art, the output waveform of the conventional 
PWM only contains two logic levels, "0" and "1". According to the present invention, 
the output waveform of the PWM is changed to an analog-like output waveform, named 
multi-level PWM (MPWM). Accordingly, the resolution increases and the sampling 
rate can be remained. A four level MPWM is used as an example for discussing the 
operation of the MPWM according to the preferred embodiment of the present 
invention. 

Referring to Fig. 3, it schematically shows a MPWM DAC block diagram 
according to one preferred embodiment of the present invention. While a PCM 
converter circuit receives a PCM signal, an input signal MP+ 30, an input signal MP- 32 
and an enabling signal 33 are respectively outputted to a first driver device 38, a second 
driver device 40 and a control device 34. As the control device receives the enabling 
signal 33, a control signal 36 is outputted to the first and the second output driver 
devices 38, 40. As the input signals MP+ 30, MP- 32 and the control signal 36 are 
respectively received by the first and the second output driver devices 38, 40 and the 
control device 34, then output driving sgnals fi^om the first and the second output driver 
device 38, 40 are sent to an output device for generating a PWM signal. 

Fig. 4 schematically shows a multi-level pulse width modulation (MPWM) DAC 
block diagram according to one preferred embodiment of this invention. 

According to the present invention, the output drivers 22, 24 of the conventional 
PWM DAC shown in Fig. 2 is respectively divided into four output drivers 52a-52d 
and 54a'-'54d. The sum of the maximum output currents of each of the output drivers 
22a'-'22d or 24a-24d is equal to the sum of the output currents of output drivers 22 or 24 
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of the conventional PWM DAC. It should be noted that the maximum output current 
is not used to limit the scope of the present invention. Therefore, the output driving 
capacity for each output drivers 52a-52d or 54a-54d has not to be equal. Namely, the 
out driving capacity of each output drivers 52a--52d, 54a--54d is designed on demand. 
5 In addition, the output drivers 52a-52d or 54a-54d can be general drivers, tri-state 
buffers, but other buffers having the same function can also be used. Tri-state buffers 
are used as an example for follov^ing description. 

Each of the output drivers 52a"-52d has an input for receiving an input signal 
MP-i- and outputs E, F, G, H respectively for connecting to an input of a speaker 56. 

10 Each of output drivers 52a--52d further has a control pin for receiving control signals A, 
B, C, and D respectively for controlling the on/off state of each of output drivers 
52a-52d. The control signals A, B, C and D are generated by a control device 34 
shown in Fig. 3. Similarly, each of the output drivers 54a~54d has an input for 
receiving an input signal MP- and outputs I, J, K, L respectively for connecting to 

15 another or the same input of a speaker 56. Each of output drivers 54a-54d further has 
a control pin for receiving the control signals A, B, C, and D respectively for controlling 
the on/off state of each of output drivers 54a-54d. The control signals A, B, C and D 
are also generated by the control device 34 shown in Fig. 3. The input signals MP+ 
and MP- are generated by m-level concerter to convert (n-m) most significant bits 

20 (MSBs) of the PCM signal into a PWM waveform, in which n and m are positive 
integers and n > m. 

Although, the maximum output current of each of the output drivers 52a-52d or 
54a-'54d of the MPWM DAC, for example, is one-fourth of that of the conventional 
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PWM DAC 10, but the four output drivers 22a'-22d or 24a'-24d operate in the same 
manner and therefore, the effect is the same as the conventional PWM DAC. 

However, if it is further desired to represent fractional PCM values like X+(Q/P), 
the conventional PWM DAC fails the fractional representation, in which P represents a 
5 sum of the maximum output currents of the output drivers 52a~52d and 54a-54d, while 
Q represents a sum of the output currents of the enabled tri-state buffers. The 
conventional PWM DAC can only represent PCM values in integer, such as X, X+1, 
and X+2 etc., because the output of the conventional PWM DAC is digital and with a 
minimum output unit "1". In contrast, according to the present invention, the output 

10 current of each the output driver is a fraction of the output current of the output driver of 
the conventional PWM DAC, and therefore, the minimum output unit of the MPWM 
DAC of the present invention is a fractional Q/P, such as 1/4. Accordingly, the PCM 
values can be easily represented in X+(Q/P), such as X+(l/4), X+(2/4) and X+(3/4), etc. 
Referring to Figs. 4and 7, Fig. 7 shows output waveforms of the MPWM DAC 

15 according to the present invention. Referring to Figs. 2 and 4, for each the sampling 
cycle and between time X and X+1, if the output driver is kept in a low-level state the 
output value for the output driver is added by the maximum current; and if the output 
driver is not kept in a low-level state, the output driver becomes a high impedance state. 
After time X+1 and before the end of the sampling cycle, each of the output drivers in a 

20 high-level state. 

For example, in the beginning of the first sampling cycle, the input signals MP+ 
and MP- of the output drivers 52a-52d and the output drivers 54a-54d are in a high- 
level state and a low-level state respectively. The input signal MP- remains in the low- 
level state until the time X+1, and becomes a high-level state after time X+1. In 
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addition, the control signals A, B, C and D are all in the high-level state, and the outputs 
E, F, G and H of the output drivers 52a~52d are in the high-level state and the outputs I, 
J, K and L of the output drivers 54a'-'54d are in the low-level state. 

After a time interval X passes, the control signals B, C and D are transient from 
5 the high-level state to the low-level state, by which the outputs F, G and H of the output 
drivers are transient from the high-level state to a lower-level state that is lower than the 
high level by a predetermined value, and the outputs J, K and L of the output drivers are 
transient from the low-level state to a higher-level state that is higher than the low level 
by the same predetermined value. After time X+1, the control signals B, C, and D 

10 return to the high-level state, by which the outputs F, G, and H return to the high-level 
state, and the outputs J, K, and L return to the high-level state. The outputs I, J, K and 
L remain in the high-level state until the end of the first sampling cycle. 

In the second sampling cycle, the waveforms of the input signals MP+ and MP- 
for the output drivers 52a-52d and 54a-54d are the same as those in the first sampling 

15 cycle. Within the time interval X in the second sampling cycle, the control signals A, 
B, C and D are in the high-level state, and the outputs E, F, G and H of the output 
drivers 52a-52d are in the high-level state and the outputs I, J, K and L of the output 
drivers 54a'-'54d are in the low-level state. 

After a time interval X passes, the control signals C and D are transient from the 

20 high-level state to the low-level state, by which the outputs G and H of the output 
drivers are transient from the high-level state to a lower-level state that is lower than the 
high level by the same predetermined value above, and the outputs K and L of the 
output drivers are transient from the low-level state to a higher-level state that is higher 
than the low level by the same predetermined value. After time X+1, the control 
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signals C, and D return to the high-level state, by which the outputs G, and H return to 
the high-level state, and the outputs K and L return to the high-level state. The outputs 
I, J, K and L remain in the high-level state until the end of the second sampling cycle, 
and then become the low-level state. 
5 In the third sampling cycle, the waveforms of the input signals MP+ and MP- for 

the output drivers 52a~52d and 54a-54d are the same as those in the first sampling 
cycle. Within the time interval X in the second sampling cycle, the control signals A, 
B, C and D are in the high-level state, and the outputs E, F, G and H of the output 
drivers 52a-52d are in the high-level state and the outputs I, J, K and L of the output 

10 drivers 54a'-54d are in the low-level state. 

After a time interval X passes, the control signal D is transient from the high- 
level state to the low-level state, by which the output H of the output driver is transient 
from the high-level state to a lower-level state that is lower than the high level by the 
same predetermined value above, and the output L of the output driver is transient from 

15 the low-level state to a higher-level state that is higher than the low level by the same 
predetermined value. After time X+1, the control signal D returns to the high-level 
state, by which the output H returns to the high-level state, and the output L returns to 
the high-level state. The outputs I, J, K and L remain in the high-level state until the 
end of the third sampling cycle, and then become the low-level state. 

20 Then, the waveforms return to the waveforms shown in the first sampling cycle, 

and the operation is performed sequentially. 

The output of the MPWM DAC to the speaker can vary according to the output 
currents of the output drivers 52a'-'52d and the output drivers 54a~54d. For example, 
if the output currents of the output drivers 52a~52d and the output drivers 54a-54d are 
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1/8, 1/8, 1/4 and 1/2 of the MP+ and MP- respectively, and the output drivers 52a-52d 
and the output drivers 54a'--54d are controlled by the control device 34 shown in the Fig. 
3 for selecting the outputs thereof, by which the output of the speaker 56 is controlled. 

Referring to Fig. 5, it shows a control device for the MPWM DAC according to 
5 the preferred embodiment of the present invention. B 1 and BO are the least significant 
bits of the PCM signal for enabling the controller 58, 60, 62, and control signals A, B, C 
and D are used to control status of the output drivers 52a-52d and 54a'--54d. 

The embodiment described above uses a four-level MPWM DAC as an example. 
However, this method or structure can be applied to a higher level MPWM DAC, such 
10 as T levels. For example, if n=l the resolution increases 1 bit, and if n=2 the 
resolution then increases two more bits and if n=3 the resolution then increases three 
bits. 

In addition, it should be noticed that the number of the first and the second 
driver devices can be different. Namely, there are 2""* first driver devices and 2""^ 
15 second driver devices, in which ml and m2 are nature numbers and less than n. 

Accordingly, using the MPWM DAC of the present invention not only increases 
the resolution, but also remain the sampling rate. 

It will be apparent to those skilled in the art that various modifications and 
variations can be made to the structure of the present invention without departing from 
20 the scope or spirit of the invention. In view of the foregoing, it is intended that the 
present invention cover modifications and variations of this invention provided they fall 
within the scope of the following claims and their equivalents. 
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